Primary cell walls, free from cytoplasmic contamination were prepared from corn (Zea mays L.) roots and potato (Solanum tuberosum) tubers. After EDTA treatment, the bound acid phosphatase activities were measured in the presence of various multivalent cations. Under the conditions of minimized Donnan effect and at pH 4.2, the bound enzyme activity of potato tuber cell walls (PCW) was stimulated by Cu2", Mg2+, Zn2+, and The salt solubilized (free) acid phosphatases from both PCW and CCW were not affected by the presence of tested cations except for Hg2+ or Al3`which caused a Ca2+-insensitive inhibition of the enzymes. The induced stimulation or inhibition of bound acid phosphatases was quantitatively related to cation binding in the cell wall structure.
Al3+. The bound acid phosphatase of PCW was stimulated by a low concentration but inhibited by a higher concentration of Hg2+. On the other hand, in the case of corn root cell walls (CCW), only inhibition of the bound acid phosphatase by Al3`and Hg2+ was observed. Kinetic analyses revealed that PCW acid phosphatase exhibited a negative cooperativity under all employed experimental conditions except in the presence of Mg2+. In contrast, CCW acid phosphatase showed no cooperative behavior. The presence of Ca2+ significantly reduced the effects of Hg2+ or Al3+, but not Mg2+, to the bound cell wall acid phosphatases.
The salt solubilized (free) acid phosphatases from both PCW and CCW were not affected by the presence of tested cations except for Hg2+ or Al3`which caused a Ca2+-insensitive inhibition of the enzymes. The induced stimulation or inhibition of bound acid phosphatases was quantitatively related to cation binding in the cell wall structure.
Most plant cell walls form an extracellular network that is composed of cellulose fibers interconnected by the pectic-type polysaccharides (13) . In addition to the carbohydrate components, the primary cell walls also contain several different types of proteins. One type of structural protein is the hydroxy prolinerich glycoproteins, which may be important for cell recognition and disease resistance (12) . Functionally identifiable enzymes are also found in the primary cell walls ( 11) including peroxidases (9) , glycosidases (1 1), and phosphatases (6) . Presumably, these enzymes are important in cell wall metabolism, nutrient transport, recognition, and disease resistance.
Plant cell walls contain many ionizable groups. Thus, they may be regarded as immobilized polyelectrolytes. The ionic behavior of cell walls has been described by the well-known theoretical models ofDonnan (17) or Gouy-Chapman (19) . More recently (7) , the classical Donnan theory and activity coefficient concept were used to describe ion-ion and ion-water interactions in cell walls. On the other hand, the relative adsorption ofcations on isolated cell walls was shown to be accountable by massaction expressions of ion exchange (2) . A model, simultaneously taking electrostatic interactions and specific binding into consideration, was also developed for predicting ionic equilibrium concentrations in cell walls (18) . These ionic properties may 61 significantly modify the activity of certain cell wall-bound enzymes.
It was reported that cell wall-bound acid phosphatase, but not the solubilized enzyme, is activated by increasing the ionic strength of the reaction mixture (15) . The apparent activation may be attributed to a decrease of the Donnan potential, which can inhibit the movement of negatively charge substrate to the structure of cell walls. This explanation was later supported by the Ca2" binding experiment at low ionic strength (5) . The cell wall acid phosphatase, like other phosphatases, may be important in hydrolyzing and solubilizing organic soil phosphate-containing macromolecules independent of soil microbial activity (3). Wall bound acid phosphatases of different plant sources have been isolated (6, 20) . The minimum mol wt of cell wall acid phosphatase is -100,000 (6) . However, detailed characterization of these isolated enzymes remains to be established.
A recent report from our laboratory ( 14) described a new and rapid procedure for the isolation ofprimary cell walls from potato tubers and corn roots. The isolated cell walls were free from the contamination of other subcellular organelles. It was reported that the pl values of extracted bound enzymes were all greater than 7.0 while the similar enzymes of cytosolic origin had pl values lower than 7.0. This result suggests the positive charges of cell wall enzymes may result in their binding to negatively charged wall structures. This suggestion is consistent with the finding that the majority of acid phosphatase is located in the pectin-rich region of sycamore cell walls (4). Since little information is available on the effects of metal ion binding on the cell wall-bound acid phosphatase activity under the condition of a minimum Donnan potential, we investigated the influence of different multivalent cations on both bound and salt-solubilized acid phosphatase activity associated with the primary cell walls of potato tubers and corn roots. The results were analyzed in terms of classical simple Michaelis-Menten kinetics and ion binding equilibria.
MATERIALS AND METHODS
Isolation of Plant Cell Walls. Corn seeds (Zea mays FBR 73, Illinois Foundation Seeds)' were germinated on filter paper saturated with 0.1 mm CaCl2 in the dark at 28C for 3 d as previously described (21) . About 16 to 20 g fresh weight of cortex tissue stripped from stele of the primary roots were frozen with liquid nitrogen and pulverized with a mortar and pestle. The pulverized cortex was suspended in 500 mL of isolation medium containing 0.1 M Hepes-Mes (pH 7.8), 0.3 M sucrose, 5 mM 2-mercaptoethanol, 2 mm Na2S2O5, and 5 mm sodium EDTA. The suspension 62TUE A.Plant Physiol. Vol. 88 In the regression process, the Ka value was varied until a minimum of an overall root-mean-square deviation between observed and calculated activity was reached. The value of n was then increased by 1, and the nonlinear regression was repeated. The n value chosen to describe the function-linked binding was the one which gave the lowest root-mean-square deviation for the fit and minimumerror in Ka. The data in Figure 1 indicate that the bound acid phosphatase of PCW reached a 50% maximum stimulation in the presence of 0.3 mM Mg2+. The PCW-bound acid phosphatase activity was first stimulated and then inhibited by Hg2+ or A13+. However, the stimulation caused by Hg2' or Al3" at low concentration levels was not observed for CCW-bound acid phosphatase (Fig.  2) . These results suggest that there are two, rather than one, types of function-linked binding processes for Hg2+ and Al3" in PCW.
RESULTS

Sensitivity of Bound
Effect of Multivalent Cations on Enzyme Kinetics. Free acid phosphatase isolated from the cell walls of sycamore cells obeys simple Michaelis-Menten kinetics (5). But, in bound form, the enzyme exhibits a negative cooperativity which can be eliminated by increasing the ionic strength (-0. 1) of the solution.
The kinetic patterns of PCW-bound and CCW-bound acid phosphatases observed under our experimental conditions are shown in Figures 3 and 4 . For PCW-bound acid phosphatase (Fig. 3) , in the absence of added multivalent cations, the 1/V versus 1/S plot reveals a negative cooperativity. The addition of Ca2+ did not change this kinetic response. An increase of Hg2+ concentration, not only substantially inhibited the enzyme activity but also enhanced the apparent negative cooperativity (data not shown). On the other hand, the presence of Mg2e caused PCW-bound acid phosphatase to obey the simple MichaelisMenten scheme. For CCW-bound acid phosphatase (Fig. 4) , it appears that the enzymic reaction followed the Michaelis-Menten kinetics under all the conditions tested. The molecular basis for the difference between PCW acid phosphatase and CCW acid phosphatase remains to be determined. The determined Km and Vmax for the enzymes are listed in Table II. Combined Effects of Multivalent Cations. When the bound acid phosphatase activity was determined in the presence of two different multivalent cations, the combined effects could be determined. As shown in Table III , we observed that the inhibitory efficiency of Hg24 or Al3" to the bound acid phosphatases was not significantly affected by the presence of Mge'. On the other hand, the presence of Cae' substantially decreased the inhibitory power of Hg'4 and Al"3. Effects of Multivalent Cations on Solubilized Acid Phosphatase Activity. The acid phosphatase activity associated with plant cell walls may be partially solubilized by salt treatment (4, 14, 20) . When CCW was treated with 1.5 M NaCl, approximately 15% of the total acid phosphatase activity was released to the solution. On the other hand, similar treatment to PCW released -50% of acid phosphatase activity. The sensitivity of solubilized acid phosphatase activity to the presence of multivalent cations was tested, and the results are summarized in Table IV . For convenience, we defined the solubilized activity obtained from CCW and PCW as C-APase and P-APase, respectively. For CAPase, the presence of cations yielded effects similar to those observed for bound acid phosphatase of CCW (see Tables I and  III) represent an average of three determinations with an error as ± 5%.
well known that Hg24 reacts readily with protein -SH groups to form complexes. The observation that Ca24 protects only the bound acid phosphatases suggests the accessibility of the -SH group is controlled by binding of Ca in cell wall structure. The uniqueness ofthis -SH group was also supported by the inability of N-ethylmaleimide, a powerful alkylation reagent for -SH Plant Physiol. Vol. 88, 1988 express the effects of metal ion binding to bound acid phosphatase, the simple Michaelis-Menten kinetic analysis employed in Figure 2 and Table II would be of limited value. For example, in order to obtain the inhibition constant, Ki of Hg24 for CCWbound acid phosphatase, the linear transformation of the conventional enzyme kinetic method requires substantially more experimental information for a reasonable estimation. However, this information may be obtained by the use of the thermodynamic linkage concept (22) in combination with nonlinear Gauss-Newton data analysis of the experimental results. We assumed that the observed functional change of the acid phosphatase activity was due to a certain rather unique binding that may constitute only part of the total binding of tested cations to the components of cell walls. In order to simplify the analysis we further assumed that the molecules of acid phosphatase were uniformly distributed among many equivalent subdomains in the structure of cell walls. Certain binding of n, and only n, metal ions to the subdomain (either to the enzyme directly or to its immediate environment, or both) would cause a concentration dependent change in the activity of the enzyme.
For the simplest case, consider the following binding equilibrium between the subdomain (D) containing the enzyme and metal ions (M): (1) in which DMn and D represent the domains with and without functionally effective (stimulation or inhibition) metal ion binding, respectively. Ka is the association equilibrium constant. By keeping the substrate concentration (4 mm PNP-P) in large excess over the KM values (see Table II ), the observed apparent enzyme activity, A, in the presence of tested cations, as determined by the hydrolysis of PNP-P is then:
[Hg] )mM (2) in which A, and A2 are activity of D and DMA, respectively. A2 may be either greater or smaller than A1. Or: A2= CAi, (3) C is greater than or smaller than 1 for stimulation or inhibition of the activity, respectively. The values ofAl and C can be easily estimated from the data shown in Figures 1 and 2 (Figs. and 2) .
Cation Binding Induced Activity Change. To quantitatively
1+Ka [Ml" (4) Plant cell walls contain relatively small amount of protein. It has been shown that proteins constitute about 10% of the total dry weight of cell walls (16) . The majority of cell wall protein is in the form of hydroxyproline-rich glycoproteins, which are (1) . In the structure of cell walls, the acid phosphatase activity has been found to be concentrated on the negatively charged exterior surface of the cell wall (4). Thus, it is expected that the acid phosphatase activity may be modified by the electrical status of cell walls (3) . In the present study, we demonstrated that the bound acid phosphatase activity, but not the solubilized forms, can be further affected by the binding of multivalent cations to the cell wall structure. While it is not possible to pinpoint the exact activity-related binding site(s) from the experimental results, our study of the salt-extracted protein fraction of PCW and CCW indicated that at least Hg2+ and A13+ may interact directly to the acid phosphatase. Furthermore, the protective Ca-binding is most likely associated with the environment of the enzyme in the cell wall structure.
It is interesting to note that the responses of PCW-bound acid phosphatase to Mg2" and Hg2+ are different from those of CCWbound acid phosphatase. Although monocot (e.g. corn) and dicot (e.g. potato) cell walls differ in composition, e.g. pectic content (8) , the exact molecular origin ofthis observed difference remains to be established. However, this observation suggests that the structure of either the acid phosphatase, or the enzyme-containing subdomain, or both of PCW is different from that of CCW. Because of the relatively high content of negative charges, plant cell walls can function as efficient cation exchangers (2, 7). Based on electron spin resonance measurement of Mn2+ binding, it was estimated that cell walls of cortical tissues of apple fruit contain -500 nmol Mn2+ binding sites per mg of dry weight of cell walls (10) . Although the exact total binding capacity of divalent cations was not determined for PCW and CCW in this study, it is reasonable to assume that the cell walls contain considerably more multivalent cation binding sites than acid phosphatase. The activity-related binding may only represent a Table V . Cation Binding Parameters Determinedfrom Activity Change Activity related metal ion binding was analyzed as described in text using data shown in Figures 1, 2 
